Over the past two decades, more than 20 mass transfer models have been developed for building materials, furnishings, and consumer products as contaminant sources, sinks, and barriers. While these models have greatly improved our understanding of contaminant movements in buildings, their applications in the real world have been somewhat limited because of the incompatibility and computational complexity of the models. In this paper, a framework is proposed for modelling the dynamic concentrations of semivolatile organic compounds in indoor media. Based on a discretization method, which transfers continuous models into discrete counterparts, this framework can perform the functions of the existing mass transfer models and, at the same time, solves the model incompatibility problem and reduces the computational complexity. This framework complements and supplements the existing multimedia semivolatile organic compound models by providing more details of the distribution of semivolatile organic compounds among indoor media, helping check the validity of certain assumptions that have been used in those steady-state models, and providing more flexibility to allow evaluation of risk management options such as source removal, encapsulation, and variable ventilation rate. This framework will be described in two parts. Part I, this paper, discusses the representation of diffusional sources and sorption by interior surfaces. Interactions of semivolatile organic compounds with particulate matter will be discussed in a subsequent publication.
Introduction
Semivolatile organic compounds (SVOCs) are a diverse group of organic chemicals with vapour pressures between 10 À14 and 10 À4 atm. [1] The presence of SVOCs in the indoor environment and the potential effect of these SVOCs on human exposure and health have been the topics of active research in recent years. [1] [2] [3] [4] [5] [6] [7] . Because SVOCs tend to bind to interior surfaces and particulate matter, indoor exposure to these chemicals can take place via multiple routes including inhalation of air and suspended particulate matter, dermal contact with contaminated surfaces and dust, and incidental ingestion of dust. Thus, understanding the movements of SVOCs in buildings is critical to exposure estimation.
Existing Mass Transfer Models for Diffusional Sources, Sinks, and Barriers Building materials, furnishings, and consumer products are important sources of SVOCs. Over the past two decades, more than 20 mass transfer models have been developed for diffusional sources, sinks, and contaminant barriers ( Table 1 ). In this paper, the term ''diffusional source'' is used to represent a source whose mass transfer mechanism is based on both the material/air partition coefficient and solid-phase diffusion coefficient. Similarly, a diffusional sink or a diffusional barrier is the sink or barrier material whose mass transfer mechanism is based on these two parameters. In principle, models developed for volatile organic compounds (VOCs) are applicable to SVOCs as well. However, modelling indoor SVOCs poses special challenges because of their strong interactions with interior surfaces and particulate matter. For example, inclusion of diffusional sinks is often necessary in modelling SVOCs. Without a doubt, these mass transfer models have contributed significantly to better understanding of the behaviour of diffusional sources, sinks, and barriers in buildings. On the other hand, these models have had somewhat limited applications in the real world because of their incompatibility and computational complexity.
. Model incompatibility: Most models in Table 1 are incompatible with each other because certain assumptions were made when the models were derived. Such assumptions include, but not limited to, the existence of an instantaneous equilibrium at the material/air interface and zero initial concentration in room air. Because of this incompatibility problem, most models listed in Table 1 cannot simulate the cases with multiple diffusional sources and sinks. . Computational complexity: Most models listed in Table 1 contain a nonlinear equation or a numerical integral or both. Some models require solving partial differential equations. The numerical computation can become overly complex for even modestly complex cases such as a multi-layer source.
Existing Multimedia Models for SVOCs
In addition to the mass transfer models shown in Table 1 , there is a diverse group of models, often referred to as the multimedia models, for indoor SVOCs (Table 2) . Despite their differences in technical approach, level of complexity, and the purpose they intend to serve, these models have two things in common:
. They are intended to estimate the distribution of SVOCs in indoor media. Thus, the model output is more suitable for exposure assessment. . Few models include representation of diffusional sources and none of these models considers diffusional sinks.
Objective and Scope
This paper presents a framework to model dynamic concentrations of SVOCs in indoor media, resolving the incompatibility issues, and reducing the computational complexity. This framework can be used as the basis for developing a general-purpose simulation program for indoor SVOCs.
This modelling framework complements and supplements the existing multimedia SVOC models by (1) providing more details (e.g. time history) about the distribution of SVOCs among indoor media, (2) helping verify certain assumptions used in the equilibrium models, and (3) allowing users to evaluate certain risk management options such as source removal, source encapsulation, and variable ventilation rates. This framework will be described in two parts. This paper discusses the methods for representing SVOC emissions from sources and sorption by interior surfaces. Methods for modelling the interactions of SVOCs with particulate matters, suspended and settled will be presented in a subsequent publication.
Methods
This framework uses a modified state-space (MSS) method to represent diffusional sources, sinks, and contaminant barriers. A discretization method, known as the state-space method, was first introduced to indoor environmental quality modelling by Yan and his coworkers in 2009 [42] . As a major advantage, the statespace method reduces the computational complexity by transforming a partial differential equation problem into a series of discrete, ordinary differential equations that are more suitable for computing. Even more importantly, this discretization method opens the door to solving the incompatibility problem associated with the existing mass transfer models. As a result, the state-space method can simulate SVOC transport under more realistic conditions such as the cases where there are multiple diffusional sources, sinks, and contaminant barriers, or where the environmental conditions, such as the ventilation rate, are variable.
The Original State-Space Method for Diffusional Sources
In the original state-space method described by Yan et al. [42] , a diffusional source is divided into a finite number of slices, or compartments, with equal thicknesses (Figure 1 ). The contaminant within each slice is assumed to be uniformly distributed at all times.
The state-space method uses three types of mass transfer to simulate the contaminant movements, as described below.
Mass transfer between the top slice and room air
The rate of mass transfer between the top slice and room air is determined by equation (1):
where R 1a ¼ rate of mass transfer from the exposed slice (slice 1) to room air (mg/h) A ¼ area of the source (m 2 ) h a ¼ gas-phase mass transfer coefficient (m/h) C m1 ¼ concentration in the exposed slice (slice 1) of the source (mg/m 3 )
Mass transfer between two adjacent slices of the same material
The rate mass transfer between two adjacent slices (i and j) of the same material is determined by equations (2) and (3):
where R ij ¼ rate of mass transfer from slice i to slice j (mg/h)
Mass transfer across the interface of two solid materials
The rate of mass transfer across the interface of two solid materials, as in the case of a double-layer source, is roughly estimated by equation (4):
where R m1,2 ¼ rate of mass transfer from the slice of material 1 to the slice of material 2 (mg/h)
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A ¼ area of the source (m 2 ) D m1 ¼ solid-phase diffusion coefficient for material 1 (m 2 /h) ÁL 1,2 ¼ travel distance for diffusion, i.e. one half of the combined thickness of the two slices (m) C m1 ¼ concentration in the slice of material 1 (mg/m 3 ) C m2 ¼ concentration in the slice of material 2 (mg/m 3 )
The state-space model is in the form of a system of firstorder ordinary differential equations. Equations (5) through (8) are for modelling a monolayer source with one side exposed to air.
For room air
For the exposed surface (slice 1)
For an inner slice (e.g. slice j)
The slice at the bottom (slice n) is assumed to be impermeable
where V 0 ¼ room volume (m 3 ) A ¼ area of the source (m 2 ) V 1 , V j , V n ¼ volume of slices 1, j, and n; equal to source area Â slice thickness (m 3 ) R nnÀ1 ¼ mass transfer rate from slice n to slice nÀ1 (mg/h).
To model a monolayer source with both sides exposed to air, equations (5) and (8) above should be replaced by equations (9) and (10), respectively:
Given a set of initial conditions, the differential equations can be solved numerically.
The Modified State-Space Method for Diffusional Sources
Four major modifications were made to the original state-space method to improve its performance.
Modification 1
The thickness of the exposed slice (i.e. the one that is in contact with air or another material) is ultrathin. For practical purposes, it is set to 1 Â 10 À7 m (Figures 2 and 3 ). This modification helps reduce the number of slices, hence the number of differential equations, needed to achieve the desired accuracy.
Modification 2
The thicknesses of the interior slices in a solid material do not have to be equal. Their thicknesses are calculated from equation (11) .
where ÁL j ¼ thickness of slice j (the inner slice) (m) ÁL i ¼ thickness of slice i (the outer slice) (m) a ¼ a constant that may vary between 0 and 1. When a ¼ 0, all the slices have the same thickness, as in the case of the original state-space method. When a ¼ 1, the inner slice is twice as thick as the outer slice (Figures 2  and 3) . Two examples of the latter case are shown in Table 3 . This modification makes certain that the slices are thinner where the concentration gradient is steeper. It also helps reduce the number of slices needed for a given source. In all the simulations presented in this paper, a is set to 1 if the thickness is greater than 1 mm and to 0 otherwise; the number of slices for each material was set to 10.
Modification 3
The rate of mass transfer across the material/air interface is derived from the local two-phase mass transfer theory, [43, 44] also known as the two-resistance theory. The calculations involve four steps:
Step 1: Calculate the gas-phase mass transfer coefficient. Several models are available for estimating this parameter. The method based on the Sherwood number [45] is commonly used [13, 31] . A computer program is available for calculating this parameter [46] .
Step 2: calculate the solid-phase mass transfer coefficient for the exposed slice from equation (12) [18, 42] :
where
that is exposed to air; (ÁL 1 /2) ¼ travel distance for diffusion (m).
Step 3: Calculate the overall gas-phase mass transfer coefficient (equation (13)) or the overall solid-phase mass transfer coefficient (equation (14)) [43, 44] . Note that only one of the two coefficients is needed.
1
where H a ¼ overall gas-phase mass transfer coefficient
Step 4: Calculate the rate of mass transfer using either equation (15) or (16) [44, 47] :
which is equivalent to
where R ma ¼ rate of mass transfer from the solid material to air (mg/h) A ¼ area of the source (m 2 ) C m ¼ concentration in the exposed slice of the source (mg/m 3 ) C a ¼ concentration in room air (mg/m 3 ). Note that the rate equation used in the original statespace method (equation (1) is an approximation of equation (15) . See more details in the ''Discussion'' section.
Modification 4
The rate of mass transfer across the interface of two solid materials ( Figure 4 ) is also derived from the two-resistance theory. The calculations involve three steps. Step 1: Calculate the individual mass transfer coefficients for the two slices [18, 42] :
where h m1 ¼ solid-phase mass transfer coefficient for
Áx 1 ¼ thickness of the slice in material 1; Áx 1 /2 ¼ travel distance for diffusion in the slice of material 1 (m) Áx 2 ¼ thickness of the slice in material 2; Áx 2 /2 ¼ travel distance for diffusion in the slice of material 2 (m).
Step 2: Calculate the overall mass transfer coefficients from equation (19) or equation (20) [43, 44] . Note that either H m1 or H m2 is needed for calculating the mass transfer rate.
where H m1 ¼ overall mass transfer coefficient with respect to material 1 (m/h) H m2 ¼ overall mass transfer coefficient with respect to material 2 (m/h) K 1,2 ¼ partition coefficient between materials 1 and 2, from equation (21) (dimensionless) K ma1 ¼ material/air partition coefficient for material 1 (dimensionless) K ma2 ¼ material/air partition coefficient for material 2 (dimensionless).
Step 3: Calculate the rate of mass transfer across the interface using either equation (22) or equation (23) [43, 47] :
where R 2,1 ¼ rate of mass transfer from material 2 to material 1 (mg/h) A ¼ area of the material/material interface (m 2 ) C m1 ¼ concentration in the slice of material 1 in contact with material 2 (mg/m 3 ) C m2 ¼ concentration in the slice of material 2 in contact with material 1 (mg/m 3 ).
Representation of Diffusional Sinks
There is no need to differentiate between diffusional sources and diffusional sinks. As far as mass transfer is concerned, they behave the same because the solid-phase diffusion is assumed to be fully reversible [14] . Thus, the modified state-space method for representing the diffusional sources is applicable to diffusional sinks. The only difference is that the initial concentration in the sink material is often zero.
Representation of Impermeable Sinks
This framework uses the dynamic Langmuir surface sorption/desorption model [48] for material surfaces that are impermeable to SVOCs:
where R a ¼ adsorption rate (mg/h)
Both k a and k d are empirical, lumped constants which incorporate the effects of both convective mass transfer and sticking coefficient.
Inclusion of a surface sorption model in this framework is necessary not only because impermeable surfaces often exist in buildings but also because it is needed to interpret the experimental data collected from environmental chambers.
Several existing multimedia models [40] use the Freundlich sorption isotherm for impermeable sinks and assume that an instantaneous equilibrium exists between the air and the surface. This framework does not include this model because the instantaneous equilibrium assumption causes instability in solving the differential equations. This problem can be resolved by incorporating a nonlinear surface sorption model into the MSS. Details are presented in the ''Discussion'' section.
Representation of a Contaminant Barrier
A source covered with a barrier material is treated as a multi-layer source. In most cases, the contaminant concentration in the barrier layer is zero initially.
Results
Preliminary evaluation of the MSS method consists of two parts: (1) proof of concept, which compares the MSS method with existing mass transfer models and (2) comparison of the MSS method with limited experimental results. The ordinary differential equations were solved by the fourth/fifth-order Runge-Kutta method [49] . The original code was written in Fortran [50] . This author translated it into Delphi and made several minor adjustments to the code [51] .
Proof of Concept
Results presented below demonstrate that the MSS method can perform the same functions as the existing mass transfer models listed in Table 1 .
Diffusional Sources
The source model developed by Little et al. [8] is for single-layer sources with one side exposed to air. This source model assumes that an instantaneous equilibrium exists at the source/air interface. That is, the gas-phase mass transfer coefficient is assumed to be infinite. For the MSS method, simulations were made by setting the gasphase mass transfer coefficient (h a ) to 1 and 10 m/h. As shown in Figure 5 , with h a ¼ 10 m/h, the air concentrations predicted by the MSS method are almost the same as those predicted by the Little et al. [8] model. When h a ¼ 1 m/h, the concentrations in the early hours were lower but the effect of h a on the emission diminishes over time. This result is consistent with the prediction by Qian et al [23] . Figures 6 and 7 compare the MSS method with three source models [13, 16, 20] that take into consideration the gas-phase mass transfer coefficient (h a ). Other parameters used were the same as mentioned above. The predicted air concentrations by the MSS and three existing models are nearly indistinguishable.
Diffusional Sinks
The sorption rates predicted by the existing models vary significantly and the difference can be as large as a factor of four. It is beyond the scope of this work to fully evaluate the existing sorption models. Figure 8 compares the MSS method with a sorption model that assumes instantaneous equilibrium at the material/air interface [9] . The sorption process appears to be more sensitive to the gas-phase mass transfer Fig. 7 . Comparison of the MSS method with three source models that contain the gas-phase mass transfer coefficient (h a ) -Case 2: h a ¼ 10 m/h. Input parameters are given in Table 6 in appendix. MSS: modified state-space. Fig. 5 . Comparison of the MSS method with the source model that ignores the gas-phase mass transfer coefficient [8] . Input parameters are given in Table 6 in appendix. MSS: modified state-space. Fig. 6 . Comparison of the MSS method with three source models that contain the gas-phase mass transfer coefficient (h a ) -Case 1: h a ¼ 1 m/h. Input parameters are given in Table 6 in appendix. MSS: modified state-space.
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Indoor Built Environ 2013;22:685-700 Guo coefficient (h a ) than the emission process. At h a ¼ 20 m/h, the predicted air concentration by the MSS method is 12% higher than the sorption model by Little and Hodgson [9] . Further increase in the gas-phase mass transfer coefficient showed insignificant effects on the sorption. Figure 9 compares the MSS method with the sorption model developed by Xiong et al. [31] , which takes the gasphase transfer resistance into consideration. The two models agree with each other well.
Another sorption model that includes the gas-phase mass transfer coefficient (h a ) was developed by Deng et al [26] . As shown in Figure 10 , the MSS method agrees with the Deng model well at h a ¼ 1 but the two models differ significantly when h a becomes large.
Comparison with the Experimental Results
Limited experimental data from a study on polychlorinated biphenyls (PCBs) [52] are used to evaluate the MSS method.
Sorption by Concrete
The sorption data were collected in a two-chamber system, which consisted of a source chamber and a test chamber. The source chamber provided a reasonably stable source of PCBs. Twenty small concrete buttons consisting of the sink material were placed in the test chamber. Four buttons were removed from the chamber each time at five different times and extracted for PCB content. Other measured values included the volume of the chamber, ventilation rate, average PCB concentrations in chamber air, and the volume and surface area of the concrete buttons. This experimental method was designed to minimize the sink effect by the chamber walls. Full description of the experimental method and test conditions are given in sections 4.1.2, 4.1.3, and 6.2.1 in ref. [52] . Figure 11 compares the MSS simulations with the experimental data for four PCB congeners. The parameters used for the MSS simulations are presented in Tables 8 and 9 in appendix. The material/air partition coefficients and solidphase diffusion coefficients were previously obtained [52] by using the DSS model developed by Deng et al. [28] , which ignores the gas-phase resistance. The MSS simulations were made with h a ¼ 20 m/h.
Sorption by Chamber Walls
The sorption behaviour of the stainless steel chamber walls for PCBs was studied by using the two-chamber system with an empty test chamber. The experimental Fig. 8 . Comparison of the MSS method with the Little and Hodgson [9] sorption model, which ignores the gas-phase resistance. Input parameters are given in Table 7 in appendix. MSS: modified state-space. Fig. 9 . Comparison of the MSS method with the Xiong et al. [31] sorption model, which includes the gas-phase mass transfer coefficient (h a ). Simulation parameters are given in Table 8 in appendix. MSS: modified state-space. Fig. 10 . Comparison of the MSS method with the Deng et al. [26] sorption model, which includes the gas-phase mass transfer coefficient (h a ). Simulation parameters are given in Table 8 in appendix. MSS: modified state-space. conditions are summarized in Table 10 in appendix. Full description of the experimental method and test conditions are given in sections 4.1.2 and 6.4.2 in ref. [52] . The adsorption and desorption rate constants (k a and k d ) for seven PCB congeners were estimated by nonlinear regression by applying the surface sorption model (equations (24) and (25)) to the air concentration data by using equations (26) and (27):
The estimated adsorption and desorption rate constants are presented in Table 4 . Figure 12 shows the goodness of fit for congener 17. There is a good correlation between the adsorption rate constant (k a ) and the vapour pressure ( Figure 13) . A similar correlation exists for the surface/air partition coefficient (K E ¼ k a /k d ). In contrast, the desorption rate constant (k d ) appears independent of the vapour pressure.
Statistical Evaluation of the MSS Method
The statistical evaluation of the performance of the MSS method was conducted according to ASMT D 5157-97 (03) Standard Guide for Statistical Evaluation of Indoor Air Quality Models [54] . The performance indicators and critical values are as follows:
. Correlation coefficient: !0.9 . Slope of line regression: between 0.75 and 1.25 . Intercept of line regression: 25% of the average measured concentration . The evaluation results are summarized in Table 5 . Indicator values that do not meet the criteria are given in bold font. Overall, the MSS method fits the data reasonably well.
Discussion
Using the MSS-Based Framework As mentioned above, this framework is intended to resolve two major issues associated with the existing mass transfer models for diffusional sources, sinks, and contaminant barriers: incompatibility and computational complexity. The examples shown below demonstrate the flexibility of the MSS method.
Base Case Scenario
The base case considers a diffusional source and a diffusional sink in the room. Input parameters are given in Table 11 in appendix. Figure 14 shows the simulation results for the base case. Figures 15 and  16 show the concentration profiles in the source and sink. (2) concentration profiles in the source (the exposed side is at depth ¼ 0). MSS: modified state-space. Fig. 16 . Results of MSS simulation for the base case scenario:
(3) concentration profiles in the sink (the exposed side is at depth ¼ 0). MSS: modified state-space.
Effect of Ventilation Rate
Increasing the ventilation rate can reduce the SVOC concentrations in room air but the reduction is not proportional because of the re-emission from the sink and, to a lesser extent, an increase in the emission rate for the primary source. As shown in Figure 17 , when the ventilation rate is doubled between 600 and 800 elapsed hours, the concentration reduction was 38% instead of 50%.
Effect of Source Removal
Removing the primary sources is a common remediation method for indoor environmental contamination. After the primary sources are removed, the SVOC concentration in room air may not reduce to zero because of the re-emission from the sinks. Re-emitting sinks are often referred to as secondary sources. In some cases, mitigation of contaminants in secondary source materials can be more challenging and substantially more expensive than removal of the primary source materials [53] . Figure 18 shows the effect of the re-emission from the sink material after removal of the primary source for the demonstrative scenario.
Source Encapsulation
Placing a barrier layer of material over the source surface can effectively reduce the contaminant concentration in air in some cases. Figure 19 shows the effect of encapsulating the source. Note that if the barrier material is permeable to SVOCs, the contaminants may ''bleedback'' over time.
Incorporating the Nonlinear Surface Sorption Model into the MSS As mentioned earlier, the Freundlich isotherm is widely used to describe the sorption equilibrium in multimedia SVOC models. However, the instantaneous equilibrium assumption is difficult to implement in the MSS. As an alternative, the following nonlinear sorption model [55] can be used:
where R a ¼ adsorption rate (mg/h) where
Because of the added parameters (n a and n d ), equations (28) and (29) always fit the sorption data better than the linear model (equations (24) and (25)). This nonlinear sorption model can be easily implemented in the MSS method. The only problem is that the values of the model parameters ( f a , f d , n a , and n d ) are scarce and that estimating four parameters simultaneously is rather challenging.
Mass Transfer Rate across the Material/Air Interface One of the differences between the original and modified state-space methods is how to calculate the rate of mass transfer across the material/air interface (equation (1) vs. equation (15)). As an approximation of equation (15) , equation (1) has certain limitations. Substituting equation (12) into equation (13) yields:
For equation (1) to be a reasonable approximation of equation (15) , the ratio of (h a /H a ) in equation (31) must be close to unity, which requires that the thickness of the exposed slice (ÁL) be sufficiently small and the product of the partition and diffusion coefficients (K ma Â D m ) sufficiently large. As shown in Figure 20 , if (K ma Â D m ) is 10 À4 m 2 /h, the thickness of the material slice must be less than 10 À4 m in order to keep (h a /H a ) close to unity.
Research Needs
This author recommends the following topics for future research.
. Develop experimental methods for estimating the material/air partition coefficients (K ma ) and solidphase diffusion coefficients (D m ) for common SVOCs. Many methods are available for measuring these two parameters for VOCs but few, if any, are suitable for SVOCs. The diffusivity is more difficult to predict than the partition coefficient. Correlations have been developed for estimating D m within the same chemical class. Quantitative structure-activity relationship models are needed to estimate the diffusion coefficients across the chemical classes. . Evaluate the MSS method with experimental data for less volatility SVOCs, such as certain phthalates and brominated flame retardants. . Evaluate the applicability of the Langmuir sorption model (equations (24) and (25)) to less volatile SVOCs and develop parameter estimation methods for the dynamic Freundlich sorption model (equations (28) and (29)). . Evaluate the existing sorption models, including the MSS method. The differences among the existing sorption models are too large to accept. To make the evaluation successful, it is important to obtain sorption data at different air velocities and to determine the material/air partition coefficient and solid-phase diffusion coefficient independent of the sorption data. . Explore the feasibility of developing hybrid sorption models that take into consideration both the surface sorption and the solid-phase diffusion. The two types of sorption are mutually exclusive in the current sorption models. . Refine the method for determining the optimal slice numbers and thicknesses for the MSS method. . Further evaluate the possibility of including the Freundlich sorption model into the dynamic modelling framework. . Develop source models for SVOCs in indoor pesticides.
Most indoor pesticide products are in the form of either emulsions or solutions. After the solvents are dried out, a thin layer of chemicals is formed on the surface of the substrate. The chemicals may also penetrate into the substrate. No current models can describe this type of sources satisfactorily. . Develop a simulation program to implement this framework to free the users from computational details. 
Conclusion
A framework for modelling the dynamic concentrations of SVOCs indoors is described. Based on a modified statespace method, this framework is capable of modelling multiple diffusional sources, sinks, and contaminant barriers and flexible enough to allow evaluation of certain remediation methods. This framework complements and supplements the existing multimedia models by providing more details about SVOC distribution among indoor media, including sorption by interior surfaces, and by verifying certain assumptions in those models. This framework can also be used to develop front-end components for stochastic exposure models and evaluate risk management options such as source removal, source encapsulation, and variable ventilation rates. PCB: polychlorinated biphenyl. a Estimated by nonlinear regression. The DSS model used [28] assumes that the gas-phase mass transfer coefficient is infinite. Table 10 . Parameter used for Figure 12 and 
